Abstract. Underwater robot has become an important tool for people to understand, develop and utilize the ocean. At present, thousands of underwater robots have been developed to satisfy the requirement of underwater tasks and many researchers pay more attention on the underwater robots. This paper uses CFD to simulate the horizontal motion, downward motion and rotary motion of the spherical underwater robot to analyze the influence of spherical robot underwater structure on velocity and pressure, which provides the basic data of underwater motion of the robot and lays the foundation for optimizing the control method of the robot.
Introduction
Underwater robot has become an important tool for people to understand, develop and utilize the ocean. At present, thousands of underwater robots have been developed to satisfy the requirement of underwater tasks. The streamline shape is usually used in high speed underwater robots and the special shape is always used in remotely-operated vehicle (ROV) to carry out some real time underwater operations [1, 2, 3] . For a kind of special shape, spherical shape shows a good performance on water resistance and the spherical underwater robot is easy to realize 0 turning radius no matter in what motion state of the robot. The movement flexibility of the spherical underwater robot and the advantages that can enter the relatively small space to carry out the operation make the small underwater robot has broad prospects for development [4, 5] . Due to the advantages, some researchers proposed their spherical underwater robots. In the early 90s of last century, University of Hawaii had developed an underwater spherical robot which was Omni-Directional Intelligent Navigator (ODIN). The ODIN was mainly used to monitor the environment and did the underwater operation. Subsequently, the laboratory had made several versions of the ODIN to improve research. The robot had eight propellers and was equipped with sonar sensors, pressure sensors and inertial navigation system [6, 7] . The typical spherical underwater robot developed by the laboratory in University of Hawaii was the ODIN-III. The new characteristic of the third generation of ODIN was the increase of new board computer system which was connected with the robot by TCP/IP and can operate remotely via Ethernet or to be a relay control system at the same time [8] . For example, the University of Manchester and University of Oxford co-developed a kind of μ-AUV. This robot was employed 6 propellers as propulsion system which were equipped on the equator of the spherical hull. The development purposes of this micro robot were monitoring the nuclear storage ponds and waste water treatment facilities to prevent leakage [9] . Due to the importance of hydrodynamic characteristics, a lot of researchers did study on spherical underwater robots. Leroyer et al. analyzed the DTMB5415 bare hull using a computational fluid mechanics (CFD) method, and proposed two numerical procedures that sped up the Reynolds-averaged Navier-Stokes (RANS) solvers [10] . After compared to a classical simulation the author obtained that, these two method numerical solutions can up to four times faster. Mylonas and Sayer predicted the forces acting on a yacht keel based on the large-eddy simulation (LES) and detached-eddy simulation (DES) solutions [11] . Propulsion systems have also been a main research subject. Wei et al. predicted the propeller excited acoustic response of a submarine structure using a numerical method [12] . Cheng et al. analyzed the hydrodynamic characteristics of an unconventional propeller with an endplate effect and compared the results to those of a conventional propeller [13] . Because the influences of structure of spherical underwater robot on velocity and pressure are difficult to measure, this research is about the influence of spherical underwater robot on the velocity and pressure during the horizontal motion, downward motion and rotary motion and the movement of the surrounding fluid. This paper learns more about the influence of the spherical underwater robot on velocity and pressure in detail during different motions, which lays the foundation for optimizing the control method of the robot.
Organization of the Text
Prototype of the Spherical Underwater Robot Figure 1 . Prototype of the spherical underwater robot.
In this paper, the spherical underwater robot on Z axis symmetry has two hemispheres which connect with each other by connecting wings. Its diameter is 0.4 meters and the quality is 6.3Kg in the air. As shown in Figure 1 . the triangle bracket supports 3 water-jet propellers which are symmetrically distributed into a 120 degree angle on the same circumference in the robot and 6 servo motors. The changes of horizontal and vertical positions of a propeller are controlled by two servo motors. The control circuit, the power module, the various sensors and other devices are in a sealed cabin which is hung on the inner of the spherical underwater robot.
Computational Model of the Spherical Robot
The structure of spherical underwater robot is too complicated to carry out hydrodynamic analysis because there are too many faces and parts. Although we can build the 3D model by the software including all of these parts, they will affect the result of hydrodynamic analysis. Worse still, the ANSYS FLUENT cannot get a result due to the complexity. And the complicated structure will cost a long computational time.
In this paper, the simulation of the underwater spherical robot is in the cylindrical flow field which is 4 meters long and 2 meters in diameter, as shown in Figure 2 . The grid uses unstructured tetrahedral mesh and the grid density of the spherical underwater robot is relatively large in this simulation. The three boundary layers are used to obtain satisfactory results and reduce the amount of time required. The quality of mesh is one of the key factors of the accuracy of fluid mechanics analysis, so the mesh must be smoothed before the analysis, and the 3D model is simplified properly.
The 3D model must be simplified for reducing the computation time and getting more effective result. The simplification standard is to reduce the amount of surfaces and parts. Therefore, some unimportant parts and surfaces will be simplified, including the screws, the wires and the support frame of the servo motors. All the ignored parts are small and complicated. In this study, three typical motion models are established: first, the velocity is 0.282m/s horizontal motion; second, the velocity is 0.395m/s downward motion; third, the rotational motion with the 3rad/s speed. Turbulence can occur in any situation. Therefore, the main parameters of the hydrodynamic analysis are the entrance velocity inlet, outlet outflow, viscosity model as the standard k-ε and convergence criterion 10 . Due to the commercial software FLUENT combined into ANSYS, all the analysis works are carried out by using this software. In total, there are 3 meshing files which will be analyzed for the three motions. The steps of CFD are as follows:
1. Import the meshing file to ANASYS FLUENT; 2. Set the condition of flow field; 3. Carry out solution; 4. Get the results.
Results and Discussion
Horizontal Motion. In the horizontal motion, the spherical underwater robot and fluid move relative to each other, so the spherical underwater robot was set as a static wall while the fluid was set as a constant velocity flow. The influence of the spherical underwater robot on the fluid is shown in Figure 3 during the underwater horizontal motion. Among the Figure 3. (a) is the figure of velocity vectors and (b) is the figure of contours of static pressure. Figure 3 . presents how both the velocity and pressure were affected by the elliptical holes on the robot. Although the annular connecting edge on the equator of the spherical underwater robot can be ignored during the horizontal motion, the elliptical holes on the robot must be considered. Because the water flows into the robot through the front holes and then out of the robot through the back holes as shown in Figure 3 . Thus, the robot cannot be assumed as a closed sphere, as shown in Figure 4 . which is the figure of sectional view of velocity vectors in horizontal motion of the spherical underwater robot. Downward Motion. The Figure 5 presents the influence of the spherical underwater robot on fluid during the downward motion. Among the Figure 5 Figure 5 (a) and Figure 5 (b) represent the influences of annular connecting edge on the spherical underwater robot on the velocity and pressure respectively. Therefore, the annular connecting edge on the equator of the spherical underwater robot cannot be ignored. But the influence of the elliptical holes is not obvious. The velocity of the fluid inside the robot was the same as the velocity of the robot as shown in Figure 6 . which is the sectional view of velocity in downward motion of the spherical underwater robot. So the fluid inside spherical underwater robot can be assumed as a part of the spherical underwater robot, which means the spherical underwater robot can be assumed as a closed sphere during the downward motion. Rotary Motion. The influence of the spherical underwater robot on fluid is shown in Figure 7 . The influence of the spherical robot can be ignored from the analysis of the results of velocity and pressure during the rotary motion. The coupling between spherical robot and fluid is just influenced by water-jet propulsion system and the pressure surface is generated around the water-jet propeller. 
Summary
Because the spherical underwater robot is the semi-open sphere with the annular connecting edge, the influence of annular connecting edge on the equator of the spherical robot can be ignored. But the influence of the elliptical holes must be considered during the horizontal motion. During the downward motion, the influence of the elliptical holes is not obvious but the annular connecting edge must be considered. For the rotary motion, the coupling between spherical robot and fluid is just influenced by water-jet propulsion system. The conclusion has reference value for the motion control design of spherical underwater robot, which lays a foundation for improving the effectiveness of the motion control.
